Abstract. Colorectal cancer (CRC) is the third most diagnosed type of cancer affecting males, and the second most diagnosed type of cancer affecting females, and one of the leading causes of cancer-related mortality globally. The estimation of the micronuclei (MN) frequency in peripheral blood lymphocytes (PBLs) from patients with CRC is proposed as a prognostic/predictive easy-to-use biomarker. In this study, we aimed to investigate the effects of systemic treatment on the MN frequency in PBLs from patients with CRC in order to determine the effectiveness of the MN frequency as a biomarker. For this purpose, from 2016 to 2018, we quantified the MN frequency as a prognostic/predictive biomarker in serial samples from 25 patients with metastatic CRC (mCRC) using cytokinesis block micronucleus assay (CBMN assay). The MN frequency in the PBLs of the patients was evaluated before, during the middle and at the end of the therapy (approximately 0, 3 and 6 months). The results revealed a common pattern regarding the fluctuation in the MN frequency. Statistical analysis confirmed that when the disease response was estimated with radiological criteria, a good response was depicted at the MN frequency and vice versa. Consequently, the findings of this study suggest that the MN frequency may serve as a promising prognostic/predictive biomarker for the monitoring of the treatment response of patients with CRC.
Introduction
Colorectal cancer (CRC) is third most commonly diagnosed type of cancer affecting males, following lung and prostate cancer, and the second one affecting females, following breast cancer (1) . In fact, CRC is a polygenic disease, which arises both from epigenetic, as well as genetic alterations in a variety of oncogenes, tumor suppressor genes, mismatch repair genes and cell cycle regulating genes in colon mucosal cells (2) . Due to late diagnosis, approximately a quarter (20-25%) of CRC cases at the time of diagnosis present distant metastases, and another quarter of patients with early resectable CRC will eventually develop metastatic disease, most often in the liver.
It has been described that different pathways lead to carcinogenesis in the colonic epithelium; however, the majors ones are the following: Chromosomal instability (CIN), microsatellite instability (MSI) and the CpG island methylation phenotype (CIMP) (3) . All these pathways attribute to the transformation of an adenoma to carcinoma, a multistep carcinogenic process known as the adenoma-carcinoma sequence (4) , which is considered to be a common process in all CRCs (5) . As CRC is an heterogeneous disease, it exhibits various clinical manifestations, biological behavior and an in-tumor variety of mutations (6) , making it a true Effect of systemic treatment on the micronuclei frequency in the peripheral blood of patients with metastatic colorectal cancer challenge for the clinician. Despite the fact that left-sided colon cancer (LCC) accounts for the majority of CRC cases, the number of cases with right-sided colon cancer (RCCs) is constantly rising (7) . The female sex, age, a previous history of cancer and insulin resistance are some of the risk factors that have been associated with RCC, while a low-fiber diet, smoking and alcoholism have been associated with LCC (8, 9) . Moreover, LCC is commonly associated with metastasis to the liver and lungs, while RCC tends to be more differentiated and is associated with metastasis to the regional lymph nodes and the peritoneal cavity (10) . In fact, it is estimated that approximately 22% of patients with CRC present with stage IV metastatic CRC (mCRC) at the time of diagnosis, indicating that, if treated, the expected 5-year-survival rate is only 13% (11) . In this setting, chemotherapy is mainly used as a palliative measure in order to improve the quality of life and achieve the optimum survival. However, not all patients with stage IV disease exhibit the same response to treatment, even if the underlying genetic status is the same (12) . This is the cornerstone of the research for prognostic and predictive biomarkers; the in-group difference. Micronuclei (MN), or Howell-Jolly bodies, are small intracellular particles enwrapped in a nuclear envelope. They are formed as a result of acentric chromatid/chromosome fragments (mainly due to extensive DNA damage) or whole chromatids/chromosomes (mainly due to mitotic spindle failure, kinetochore damage, centromeric DNA hypomethylation and defects in the cell cycle control system) that during the anaphase of dividing cells do not follow the rest of the chromosomes and are not included in the nucleus during telophase. Instead, enwrapped by the nuclear membrane, they form daughter nuclei-like structures that are just a fraction of the size of the mother nucleus (13, 14) . Numerous studies have evaluated the use of MN frequency (MNf) in different cell types and lines in order to determine whether it can be used as an effective biomarker for various types of cancer (including lung, bladder and colorectal cancer) (15) (16) (17) . Almost all of these studies agree that MNf is a sensitive indicator of cancer since, compared to healthy controls, there is a significant increase in MN formation regardless of the type of cancer. However, for patient's convenience, peripheral blood lymphocytes (PBLs) are preferably used. What is more, those who evaluated MNf in CRC did prove an increased MNf (thus indicating its possible use as a diagnostic biomarker), but did not evaluate their patients in the long-term and did not include cases with metastatic disease. Hence, the importance of MNf as a prognostic and/or predictive biomarker in mCRC has not yet been investigated in detail, at least to the best of our knowledge. The only published attempt to illuminate the prognostic properties of MNf, to the best of our knowledge, comes from a team which evaluated MNf in urothelial cells of patients with bladder cancer (18, 19) .
Thus, under this scope, the present study aimed to assess the efficiency of MNf as a biomarker for the prognosis and disease/treatment prediction of patients with mCRC.
Patients and methods
Patients and study protocol. The protocol of this study was approved by the Ethics Committee for Patients and Biological Material of the University Hospital of Heraklion (Heraklion, Greece). During the period between December, 2016 and February, 2018, 27 patients referred to the Department of Medical Oncology of the University Hospital of Heraklion were enrolled in this study. All patients signed a written consent. The inclusion criteria were as follows: i) Patients with mCRC treated with 1st line systemic treatment according to the Hellenic Society of Medical Oncologists (HeSMO) guidelines (20) ; and ii) an age between 50-75 years. The exclusion criteria were as follows: i) Failure to complete the therapeutic regimen for any reason (toxicity, refusal of the patient, or death); and ii) the refuse of the patient to attend the study. Based on the chemotherapeutic protocol that was selected [folinic acid with5-fluorouracil and oxaliplatin (FOLFOX) or folinic acid with5-fluorouracil and irinotecan (FOLFIRI) with or without a biological factor], patients were further divided into subgroups. Another division of the patients was made based on their body mass index (BMI) before treatment (BMI <25, BMI ≥25 but ≤30, and BMI >30). The RECIST criteria version 1.1 were used for the evaluation of the treatment response (21) . According to these criteria, patients were evaluated at the end of the therapy and were divided into 3 subgroups as follows: Good response, stable disease and no response. Peripheral blood samples were collected at fixed time-points, namely before the beginning of the therapy, 3 months after the initiation of treatment and at the end of treatment (at 0, 3 and 6 months of treatment, respectively) for the evaluation for MNf using the cytokinesis block micronucleus assay (CBMN assay). By June, 2018, 25 out of the 27 patients had completed the study. One patient presented with increased toxicity and terminated the therapy and the other one died due to a heart failure as a result of a lower respiratory tract infection. Finally, 10 healthy individuals (5 male and 5 female) were recruited from the Health Center of Agia Varvara, Heraklion, Crete, after receiving a thorough explanation about the study, how their samples would be handled and signing a written consent. The inclusion criteria were an age between 55 and 70 years and a personal history free of cancer, autoimmune diseases and COPD. Exclusion criteria were the presence of the above-mentioned diseases, direct exposure at any time to pesticides and/or herbicides and the lack of will of the participant.
MN test.
The MN test is an official regulatory 'tool' in the European Legislation (B.12, Regulation 440/2008/EC) validated by OECD (22) . Whole blood (0.5 ml) was added to 6.5 ml Ham's F-10 medium (Gibco/Thermo Fisher Scientific, Waltham, MA USA), 1.5 ml fetal bovine serum (Standard Fetal Bovine Serum, certified, US origin, Gibco/Thermo Fisher Scientific), and 0.3 ml phytohemagglutinin Μ (PHA-M; 10 ml, Thermo Fisher Scientific). Cultures were incubated at 37˚C for a period of 72 h. Six micrograms per milliliter of cytochalasin-B (white to off-white powder, ≥98% 5 mg; Acros Organics, Inc./Thermo Fisher Scientific) was added 44 h following culture initiation. Peripheral blood lymphocytes (PBLs) were collected by centrifugation at 400 x g (1,500 rpm) at 20˚C for 25 min at 72 h post-incubation. A mild hypotonic solution of Ham's F-10 medium and milli-Q water (1:1, v/v) was added to the cell solution and left for 3 min at room temperature. The cells were fixed with a methanol:acetic acid solution (5:1, v/v) placed on microscope slides and stained with Giemsa (Gibco/Thermo Fisher Scientific) 15% at 25˚C for 30 min, as previously described (23, 24) . The slides were then placed under a Nikon Eclipse E200 microscope (Nikon Holdings Europe B.V., Amsterdam, The Netherlands) where the binucleated cells (BN cells) and MN were viewed. One thousand BN cells with an intact cytoplasm were scored per slide for each sample, in order to calculate the MNf. Standard criteria were used for scoring the MN (25) . The cytokinesis block proliferation index (CBPI) is given by the following equation:
where M1, M2, M3 and M4 correspond to the number of cells with 1, 2, 3, and 4 nuclei and 'N' is the total number of cells.
These parameters were calculated by counting 2,000 cells, in order to determine the possible cytotoxic effects, as previously described (26) .
Statistical analysis. Statistical analysis of the MN data was performed with the G-test for independence on 2x2 tables. The Chi-squared test was used for the analysis of the CBPI data. The level of significance was set at 0.05. One-way ANOVA was applied to estimate differences between 3 groups. Mean plots with error bars and bar charts were used for the graphical presentation of the data. The IBM SPSS Statistics Package 21.0 was used for data analysis and for the graphic representation of the data. The level of acceptance of null hypotheses was set at the 0.05 level.
Results
The patient characteristics are shown in Table I , while the type of chemotherapy, the biological factor and the BMI of each patient are presented in Table II . Out of the 25 patients, 12 were treated with FOLFIRI and 13 with FOLFOX, while 18 of them were additionally treated with a biological agent (cetuximab, aflibercept, bevacizumab or panitumumab). The mean BMI was 28.07 (ranging from 18.36 to 41.59).
In the control group (10 individuals), the mean values of binucleated cells with micronuclei (BNMN), and MN and CBPI values were 6.91±1.14, 7.91±1.14 and 1.34±0.04 respectively. Fig. 1 illustrates the MNf trends of each patient when interpreted as one group (Fig. 1A) , as a good response group (Fig. 1B) , as a stable disease group (Fig. 1C) and as a no response group (Fig. 1D ) across their treatment (at the beginning, middle and end). Data regarding the mean values of BNMN, MN and CBPI and the related P-values when patients were treated as a solid group are presented in Table III. Table IIIA Data regarding the mean values of BNMN and MN and the related P-values when patients were divided into subgroups are presented in Table IV. Table IVA shows the results from the comparison of the samples before treatment from the patients with a good response (13 patients) against those who were stable (4 patients) and those with no response (8 patients revealed a significant decrease only when middle was compared with before therapy both for BNMN and MNf. On the contrary, at the end of the therapy, both BNMN and MNf increased so that there was no significant difference between before and after treatment (BNMN: before vs. middle, P=0.01; and before vs. after, 0.07; MNf: before vs. middle, P=0.02; and before vs. after, P=0.09).
Discussion
The results of the current study indicated that patients diagnosed with metastatic CRC, regardless of sex and BMI, had high rates of BNMN and MNf. Τhis was found both before and throughout the systemic therapy, even though they tended to decrease after therapy, but never to the degree of the individuals without cancer. In parallel, they had the same CBPI with healthy individuals that remained stable throughout treatment, while no change in the CBPI was evidenced at any point time or for any group.
It is well established that MN assay is a sensitive indicator of genomic damages of exogenous and endogenous origin (23, 27) . MNf in PBLs represents an indirect, intracellular indicator of chromosomal and genomic instability (high levels of MN are indicative of extended damages of the DNA repair system and in chromosomal division) (17, (28) (29) (30) . It has been proven that, even though MNf does not differ between the two sexes (31), it does between young and older and between normal-weight and obese individuals as a result of the accumulation of genetic damage (31, 32) . These facts support the hypothesis that the CBMN assay can be used as an indicator of the genotoxic and cytotoxic state (33) . Indeed, it has previously been concluded that high levels of MN are linked to cancer (16) . Moreover, a number of theories support the hypothesis that MNf can be used as a tool for cancer prognosis (18, 19, 34) ; however, they all agree that further investigations are required to verify this claim.
This study focused on the evaluation of MNf as a potential prognostic/predictive biomarker for CRC monitoring in a rather common group of patients with CRC, those with distant metastases (stage IV disease). For this purpose, 25 patients with stage IV CRC from a single oncologic center were included. Based on the current therapeutic guidelines for stage IV CRC, these patients underwent treatment with either FOLFOX or FOLFIRI with an addition of a biological factor based on their underlying genetic status (RAS and BRAF mutations). Folinic acid and 5-fluorouracil are the common compounds of the FOLFOX and FOLFIRI regimens, while oxaliplatin and irinotecan are the compounds that differentiate them, respectively. Bibliographic data have indicated that FA is an anti-clastogenic agent which significantly reduces the percentage of BNMN (35) . It has been found that oxaliplatin induces cytogenetic damage (BNMN) through its clastogenic action, possibly through interfering with topoisomerase II (36) . As regards irinotecan, Kopjar et al, using the CBMN assay, observed a dose-dependent increase in MNf in an in vitro study with human lymphocytes (37) . Another study on irinotecan also found a significant increase of BNMN, but in a non-dose-dependent manner (38) . However, to the best of our knowledge, there is no study available to date estimating the MNf and BNMN using the actual combination of FOLFOX or FOLFIRI with or without biological agents. Moreover, to the best of our knowledge, this study is the first one conducted with such a patient group and, thus, any interpretation of the data presented will be based mainly on data coming from different patient groups and thus should be treated accordingly.
CBPI is a tool widely used not only to better understand the BNMN results, but also to estimate any cytotoxic effect from chemical agents on cell cultures that use cytochalasin B expressed by an altered proliferation cells (38) . As regards the best understanding of BNMN results, when CBPI is indifferent between time-points, then MNf results are comparable and any fluctuation of MNf can be attributed solely to the disease and/or the systemic treatment. As for the cytotoxicity, when the CBPI value is close to one, there is no cytotoxic event. However, in order to extract safer conclusions regarding cytotoxicity, patient CBPIs are compared to those of the control and not to the unit. In this study, if we address all patients as one solid group, before the beginning of the therapy, we can see that there was no difference in their CBPI values compared with the healthy individuals, suggesting no cytotoxicity from the disease. Moreover, we can see that CBPI remained almost the same throughout the duration of therapy. Thus, the combination of the disease and chemotherapy again did not lead to cytotoxicity. Therefore, it is safe to say that the MNf results are indicative of the patients' condition. Since sex does not affect MNf and the age group of our patients was the same (between 50 and 75 years old), the main parameters that had to be examined as to whether they affect MNf were BMI and malignancy per se. For the former case, patients were divided based on their BMI into 3 groups (BMI <25, BMI ≤25 but ≤30 and BMI >30). Statistical analysis of the MNf before the beginning of the treatment revealed no statistical differences (Table IIIB) . For this reason, BMI was excluded from the final interpretation. The comparison of the MNf and BNMN scores between the patients before the systemic treatment and the healthy individuals (matched for sex, age and BMI) revealed significantly higher rates for both indexes (P<0.001). In fact, this significantly higher rate of MNf and BNMN was maintained throughout treatment (Table IIIA) . Thus, it is reasonable to assume that the increased rates of MNf and BNMN are due to cancer. A following comparison of the mean BNMN and MNf of all patients revealed that BNMN decreased insignificantly at the middle and significantly at the end (P<0.05), while MNf was significantly lower for both time-points (P=0.04 and P=0.04 respectively) (Table IIIC) .
Based on the RECIST 1.1 criteria, we further divided the patients into the 'good response', 'stable disease' and 'no response' groups. The subsequent analysis revealed some very interesting data. First of all, when each subgroup was compared to the other for the same time-point, no significant differences were revealed both for the mean BNMN and MNf values. However, the subsequent comparison between time-points of the same group revealed that the 'good response' group had a declining trend for BNMN and MNf with an insignificant decrease at the middle (P= 0.09 for both), and a significant one at the end of the therapy (P=0.01 and P=0.02, respectively) exhibiting a 'shallow v trend' (Fig. 1A) . The same analysis was performed for the 'stable disease' group revealing a significant) decrease followed by an increase, making the MNf difference between before and after treatment insignificant (Fig. 1C) . The 'no response' group exhibited a significant decrease at the middle both for BNMN and MNf (P=0.01 and P=0.02, respectively). Interestingly though, the trend was reversed at the end of the therapy, where both the BNMN and MNf values increased to such an extent, that no significant difference was evident anymore, exhibiting a 'deep v trend' (Fig. 1D) .
Overall, there is a clear genotoxic state in the PBLs of patients represented by the very high mean MNf before therapy. This genotoxic state depicts the great cancer load at that time. After the first trimester of the therapy, the decrease in the mean MNf reflects the response of the organism to the treatment accomplished by the depletion of the sensitive cancer clone. However, the following increase of mean MNf (but never to the degree before treatment) raises a challenge for its clinical interpretation. The first scenario is that of a 'gradual emergence of a resistant clone'. First, sensitive cancer cells are depleted and so MNf and BNMN decrease. Subsequently, resistant ones emerge as they do not have to compete for energy or oxygen supply. In fact, this scenario could explain the fluctuations in MNf observed in the 3 response groups during the therapy. At the middle of therapy, both the good and no response groups began killing sensitive cells and decreased their MNf numbers, while the stable group did not. While the good responders then continued to deplete sensitive cancer cells, the non-responders began to increase cancer cells and their MNf increases accordingly, while the stable group maintained almost the same cell number and MNf. The second scenario is the 'long-term chemo-effect'. As mentioned before, both oxaliplatin and irinotecan increase MNf. Thus, while the cancer load decreases and the drug accumulation is not yet at its peak, the MNf also decreases. However, as the rate of cancer cells decrease diminishes and the accumulation of the drug reaches its zenith, the MN-increasing properties of oxaliplatin and irinotecan become evident. This scenario can also explain why at the end of the treatment the response group did not differ significantly, in terms of mean BNMN and MNf, than the other 2 groups, even though their cancer burden was reduced by >30%. In other words, systemic treatment increased MNf and prevented a cell number difference to be seen. Interestingly though, even if the majority of the patients exhibited the 'v'-shaped trend of MNf, there were 4 patients who exhibited a reverse 'v'-shaped trend, with an increase of mean MNf at 3 months, and a subsequent decrease at 6 months, as shown in Fig. 1 . It is noteworthy that these 4 patients who did not follow the 'v'-shaped trend as the rest of the participants, but rather an inverted 'v', were proven to share the same therapy with a combination therapy of FOLFIRI and some type of biological agent. Whichever the case may be, as exhibited by the results from the good and the poor response groups, MNf was not associated with tumor response.
The key is to identify the exact time when the relapse or stability of the disease occurs and is first depicted in MNf by a certain increase of it. In doing so, we would be able to achieve a better tailoring of the therapy and at the same time we will be a step closer towards personalized treatment with a possible shortening of the chemotherapy duration. This in turn would positively affect not only patients, in terms of less side-effects as a consequence of tailored systemic therapy, but also the health care system due to the decreased financial burden of shortened systemic therapy. However, more patients and even more sampling points would be required in order to successfully identify the true nadir of MNf.
The findings of this study reveal an association, firstly between MNf and CRC per se, with significantly elevated MN rates at all time-points and, secondly between MNf and response to treatment, where a good response was evidenced by the significantly low rates at the end of treatment and a bad response by the maintenance of high rates at the end. Despite the fact that the results of the current study are in the same line of evidence with previously published data (15) (16) (17) (18) (19) , they should be interpreted with caution and would be used as hypothesis-generated. We aim to continue this research in a prospective larger group of patients with metastatic CRC in order to validate the findings of the current study and establish the prognostic and predictive significance of MNf in this setting.
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